The p44 gene of the agent of human granulocytic ehrlichiosis (aoHGE) encodes a 44-kDa major outer surface protein. A technique was developed for the typing of the aoHGE based on the PCR amplification of the p44 gene followed by a multiple restriction digest with HindIII, EcoRV, and AspI to generate restriction fragment length polymorphism patterns. Twenty-four samples of the aoHGE were collected from geographically dispersed sites in the United States and included isolates from humans, equines, canines, small mammals, and ticks. Six granulocytic ehrlichiosis (GE) types were identified. The GE typing method is relatively simple to perform, is reproducible, and is able to differentiate among the various isolates of granulocytic ehrlichiae in the United States. These characteristics suggest that this GE typing method may be an important epizootiological and epidemiological tool.
Human granulocytic ehrlichiosis (HGE) is an emerging infectious disease first reported in the Unites States in 1994 (7) . The disease is caused by an as-yet unnamed Ehrlichia species similar or identical to Ehrlichia equi and Ehrlichia phagocytophila, which are known veterinary pathogens. Clinical symptoms of HGE include fever, myalgias, leukopenia, and thrombocytopenia (1, 3) . HGE can be treated readily with tetracyclines; however, the disease has proven fatal for several patients with serious underlying medical conditions (3, 13, 18) .
Most cases of HGE are reported from the northeast and upper midwestern United States. The four states reporting the highest overall incidence of HGE are New York, Connecticut, Wisconsin, and Minnesota (21) . The geographic locations of reported cases correspond to the natural habitat of the implicated tick vectors. In the northeast and upper midwestern United States, the agent of HGE (aoHGE) is transmitted to humans by the black-legged tick, Ixodes scapularis (8, 14, 24, 25, 31) , and in the western United States it is transmitted to humans by Ixodes pacificus (4, 5, 9, 26, 27) . The HGE agent can also infect a variety of small mammals. HGE agent has been detected by PCR or culture in white-footed mice (Peromyscus leucopus) (25, 30) , deer mice (Peromyscus maniculatus) (23, 33) , meadow voles (Microtus pennsylvanicus) (32) , eastern chipmunks (Tamias striatus) (32) , and dusky-footed woodrats (Neotoma fuscipes) (20, 23) . One drawback to studying the epidemiology and epizootiology of HGE is that, at present, there is no standard typing method to distinguish between unique strains of the HGE agent. Attempts to compare 16S sequences and the ank gene sequences of isolates of the HGE agent have shown little or no variability (6, 19) .
We investigated the possibility of using the gene that encodes the P44 protein for the typing of the aoHGE. P44 is the designated name of a family of HGE agent outer membrane surface proteins. P44 is capable of eliciting immunogenic responses in infected patients (2, 16, 34) . The gene that encodes the outer membrane protein P44 is present in multiple copies in the genome and has shown significant sequence diversity. The p44 gene was first cloned and sequenced by Ijdo et al. (17) and is homologous to the multigene family msp-2 genes in Anaplasma marginales (22) . Zhi et al. (35) have estimated the copy number of the p44 gene at 18 to 22. They are of different sizes and are randomly dispersed throughout the HGE agent genome. Zhi and coworkers have reported the transcription of at least 5 copies of the p44 gene by reverse transcription-PCR (35) . This indication of genetic diversity makes p44 an attractive target for restriction fragment length polymorphism (RFLP) analysis. PCR amplification of specific gene sequences followed by RFLP analysis has been used successfully to type other organisms, such as Helicobacter pylori (29) , Staphylococcus aureus (15) , Borrelia spp. (10) , and Rickettsia spp. (11) .
Bacterial isolates were supplied as viable cultures or DNA extracts as described in Table 1 . The HGE agents were cultivated in the HL60 cell line (CCL240; American Type Culture Collection), grown in RPMI 1640 (Gibco, Grand Island, N.Y.) containing 10% fetal bovine serum (Gibco) at 37°C with 5% CO 2 as described by Goodman et al. (12) . The HL60 cells were harvested by centrifugation at 500 ϫ g for 5 min when greater than 70% of the HL60 cells had visible morulae upon microscopic examination of Giemsa-stained cytospin preparations. The cellular DNA was extracted from the HGE-infected HL60 cells using the guanidium isothiocyanate method (IsoQuick; ORCA Research Industries, Inc., Bothell, Wash.). The purified HGE agent DNA was used as template DNA in the PCR. The 50 l of PCR contained 25 ml of Taq PCR Master Mix (Qiagen Inc., Valencia, Calif.), 1 to 5 l of DNA template (about 0.5 g of DNA), 5 l of each primer (10 pmol/l), and distilled water to bring the reaction mixture to a volume of 50 l. The primers used were previously published by Ijdo et al.: 5ЈAGCGTAATGATGTCT ATGGC-3Ј and 5Ј-ACCCTAAC ACCAAATTCCC-3Ј, which amplify a 1,279-bp portion of the p44 gene (17) . The PCR was carried out by denaturation at 94°C for 2 min and then 40 cycles at 94°C for 1 min, 58°C for 2 min, and 72°C for 3 min (1 s was automatically added to each consecutive extension cycle), followed by a final cycle at 72°C for 7 min in a model 4800 thermal cycler (Perkin Elmer, Norwalk, Conn.). About 40 l of the PCR of the p44 gene was transferred to the appropriate well in 1% agarose gel and run by electrophoresis in 0.5ϫ TBE buffer (0.5ϫ TBE is 45 mM Tris-borate plus 1 mM EDTA, pH 8.0) at 50 V for 3 h. The agarose gel was stained with ethidium bromide. The amplified p44 gene of 1,279 bp was excised from the agarose gel under the illumination of UV light and then was extracted and purified using the QIAquick Gel Extraction Kit following the instructions of the manufacturer (Qiagen Inc.). The purified 1,279-bp p44 band described above was digested by a mixture of enzymes HindIII, AspI, and EcoRV in a 20-to 30-l reaction mixture containing 10 to 15 l of p44 DNA purified from gel containing about 0.4 to 0.6 g of DNA, 1ϫ reaction buffer B, and 5 to 8 U of each endonuclease (Roche Molecular Biochemicals, Indianapolis, Ind.). The reaction mixture was incubated at 37°C for 1 h. The reaction mixture was loaded onto a 2% agarose gel containing 1 mM ethidium bromide and electrophoresed at 50 V for 3 h. The gel was electrophoresed longer than 3 h to separate closely sized DNA bands. The restriction digestion of purified p44 DNA from different isolates was repeated at least 2 times with various amounts of DNA to confirm complete digestion and to obtain the best concentration for effective resolution of the bands by gel electrophoresis. The gels were then viewed on a UV transilluminator box and photographed on high-speed film (Polaroid Corporation, Cambridge, Mass.). The sizes of all the DNA fragments were calculated using the method of Schaffer and Sederoff (28) .
Twenty-four samples of the aoHGE were collected from geographically dispersed sites. The sites consisted of the northeastern (New York), north-central (Minnesota and Wisconsin), and western (Colorado and California) regions of the United States. The specimens were obtained from a variety of hosts, which included humans, equines, canines, small mammals, and ticks. All specimens were examined by RFLP-PCR. The RFLP patterns consisted of 4 to 7 bands that ranged in size from 225 to 1,100 bp. All specimens contained a 1,100-bp and a 225-bp band but varied in the sizes of the remaining bands. The banding patterns were separated into six granulocytic ehrlichiosis (GE) types, A to F ( Table 2) . Representative gel patterns of the GE types are shown in Fig. 1 . Control DNA from the agent of monocytic ehrlichiosis, Ehrlichia chafeensis, and normal mouse spleen were nonreactive with the HGE p44 specific primers. The geographical distribution of the six GE types of the aoHGE from the various hosts analyzed are shown in Table 3 . Although the number of samples from the northeast and the western regions were limited, the results suggest that this typing method has strong discriminatory potential. GE types B and F were present in Colorado, and types C, D, and E were found in the north-central states (Minnesota and Wisconsin). In contrast, GE type A was present in specimens from California, Minnesota, and New York.
Three GE types were identified among the six human specimens. They were type A for the two New York patients, type C for the three Minnesota patients, and type E for the Wisconsin isolate. The Minnesota canine isolate was GE type C, the same GE type as that of the three Minnesota human isolates. The Minnesota human isolate, type C, was also present in a chipmunk and a southern red-backed vole from Minnesota. The Wisconsin human isolate, type E, was also present in eastern chipmunks captured in Minnesota. The GE type A, present in the two New York human isolates, was also present in white-footed mice and meadow voles from Minnesota as well as a horse isolate from California (Table 3) . Four different GE types were represented among the 14 isolates of the ao-HGE from Minnesota. GE type F, present in the Mexican wood rat and the deer mouse from Colorado, was also identified in the tick vector, Ixodes spinipalpis. We investigated the stability of the GE type in two isolates, one from a human and one from a white-footed mouse. The human isolate was determined to be GE type C at tissue culture passage number 15, and after 164 passages in HL60 cells it remained type C. A white-footed mouse isolate was identified as GE type A at its second passage in HL60 cells. Its GE type remained type A after isolation from an experimentally infected mouse, 1 week postinoculation, and following 48 passages in HL60 cells. Based on the above typing results of these two aoHGE isolates, we conclude that the GE type is a stable characteristic.
The GE typing method we described is relatively simple to perform, is very reproducible, and appears to be a sensitive means to differentiate among the various isolates of granulocytic ehrlichiae. Another advantage of this technique is that it can be performed on animal and human specimens without the need to cultivate the organism. These characteristics suggest that the GE typing method has the potential of being an important epizootiological and epidemiological tool. 
